The yeast Scheffersomyces stipitis naturally produces ethanol from xylose, however reaching high ethanol yields is strongly dependent on aeration conditions. It has been reported that changes in the availability of NAD(H/ + ) cofactors can improve fermentation in some microorganisms. In this work genome-scale metabolic modeling and phenotypic phase plane analysis were used to characterize metabolic response on a range of uptake rates. Sensitivity analysis was used to assess the effect of ARC on ethanol production indicating that modifying ARC by inhibiting the respiratory chain ethanol production can be improved. It was shown experimentally in batch culture using Rotenone as an inhibitor of the mitochondrial NADH dehydrogenase complex I (CINADH), increasing ethanol yield by 18%. Furthermore, trajectories for uptakes rates, specific productivity and specific growth rate were determined by modeling the batch culture, to calculate ARC associated to the addition of CINADH inhibitor. Results showed that the increment in ethanol production via respiratory inhibition is due to excess in ARC, which generates an increase in ethanol production. Thus ethanol production improvement could be predicted by a change in ARC.
Introduction
Xylose fermentation to ethanol is essential to achieve economically viable biofuel production from lignocellulosic biomass [1] [2] [3] [4] [5] . Scheffersomyces stipitis [6] is a xylose-fermenting yeast which has been extensively studied in recent years, research works include analyses based on genomics [7, 8] , transcriptomics [9] , proteomics [10] and genome-scale metabolic reconstructions [11, 12] . S. stipitis is Crabtree-negative [13, 14] which shows a strong dependency between ethanol production and oxygen supply regardless the carbon source availability or dilution rates [15] [16] [17] . In S. stipitis, the yield of ethanol from xylose decreases with high oxygen supply and increases at low oxygen supply, nonetheless, productivity could drop in the latter case [18, 19] . Hereafter, the yield of ethanol from xylose it will be referred as yield. not have any additional role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript. The specific roles of these authors are articulated in the 'author contributions' section.
In-silico results indicated that inhibiting components of the respiratory chain modifies ARC and it allows to associate ethanol production to growth. Subsequently, S. stipitis batch cultures were performed adding respiratory inhibitors in order to improve yield. Batch culture essays showed that yield increases by 18% when inhibiting the mitochondrial NADH dehydrogenase complex I. Next, by using data from batch cultures and a kinetic model of the culture, uptakes rates were determined and were used as constraints in the FBA of S. stipitis in order to determine the ethanol sensitivities associated to batch cultures. Results showed that the observed increase in ethanol production via respiratory inhibition is related to an excess in ARC for biomass production and to a positive response of ethanol production to this excess.
Materials and methods Models
The following genome scale metabolic reconstructions were used: for S. cerevisiae the IMM904 model [47] which has 1577 reactions and 1228 metabolites and for S. stipitis the IBB814 model [11] which has 1371 reactions and 971 metabolites. Both models had been experimentally validated in several researches [43, [48] [49] [50] [51] [52] [53] .
Flux Balance Analysis (FBA)
To determine metabolic states FBA was used [40, 41] . Loop law constraints were added to all FBA calculations according to Schellenberg et al., [54] method so that infeasible loops were not allowed. Maximization of biomass production was considered as objective function since it has been useful to characterize metabolic phenotypes in yeast [11, 43, [47] [48] [49] [51] [52] [53] .
The flux-carrying set (FCS) is defined as the all non-zero fluxes obtained from a FBA. The changes in the FCS are characterized by the fluxes which are increased, decreased, turned on or turned off due to a imposed modification in any given flux.
Computational tools
Computational methods were performed using Matlab2012a as programming environment. FBA routines were carried out using COBRA (Constraint-Based Reconstruction and Analysis) Toolbox version 2.0 [55] . TomLab/CPLEX version 7.8 was used as solver. All Matlab codes for COBRA function can be found online at the website: http://opencobra.sourceforge.net/.
Phenotypic phase planes analysis
Phenotypic phase planes (PhPPs) analysis [44] was performed characterizing all optimal flux distributions as a function of carbon source and oxygen uptake rates. PhPPs were obtained by varying in a step wise fashion the two fluxes and solving the FBA.
Sensitivity analysis
The sensitivity analysis consisted in determining the shadows prices associated to the dual problem of the FBA, which can be used to characterize the effect of changes in the availability of metabolites [42] [43] [44] . The sensitivity l Z i (Eq (1)) represents the response of the objective function Z to a perturbation on the availability of a metabolite i. Each sensitivity is defined as:
Where b i corresponds to the mass balance for metabolite i and super index r denotes a relaxation in the steady state. The sensitivity corresponds to the Lagrange multipliers associated to the dual optimization problem. These values were obtained from the solution vector of the dual problem (vector m × 1 where m is the number of metabolites) in the COBRA function optimizeCbModel. From de Eq (1) it can be noted that if the response of Z to an increment in b r i is an increase in its value, l Z i should be less than zero. On the other hand, if Z decreases l Z i should be greater than zero, and if Z does not change l Z i is equal to zero. In this sense, the sensitivity value can be interpreted as a state of resource availability showing if a given metabolite is limiting (l
Sensitivity to changes in the available reducing capacity supply the NAD (H/+) redox pair As described by [44] , the sensitivity of an metabolic objective Z to change in a redox pair such as NAD(H/+) is define as:
Where the difference between l Z NADH and l Z NAD represents the net effect of changes in both species. Then l Z ARC is an index of the response to changes in available reducing capacity supplied by the redox coupled, shortly referred as ARC.
Determination of the sensitivity of ethanol production to ARC changes
The sensitivity of ethanol production to ARC changes l etoh ARC was calculated throughout the PhPPs. This was achieved by determining the PhPP using firstly the biomass production as objective function which allowed characterizing metabolic states with biological sense. Then all flux values associated to that state, including biomass production, were used as constraints an ethanol production was used as objective function. This procedure allowed obtaining the l etoh ARC values associated to the PhPP.
Computational methods for culture modeling
Culture model. S. stipitis batch culture was modeled using differential equations in order to represent biomass, xylose and ethanol mass balances. Thereby the culture model was defined as:
Where, x is biomass concentration (gÁL
−1
). S: is xylose concentration (gÁL
) and P is ethanol concentration (gÁL
). Monod equation was used to describe specific growth as follows:
Where μ is the specific growth rate (h ) and μ max is the maximum specific growth rate. The specific uptake rate of xylose was determined based on substrate usage mass balance as follows:
Where, q S is the specific uptake rate of xylose (gÁgcel
), Y o is the theoretical yield of biomass from xylose, Y P is the theoretical yield of ethanol from xylose and q P is the specific productivity of ethanol (gÁgcel
). The ethanol specific productivity was represented by the Luedeking and Piret equation:
Where α (gÁgcel
) and β (gÁgcel
) correspond to the Luedeking and Piret coefficients. It was considered representing in the culture model the lag phase of growth and the delay of ethanol production. Thus two delay factors were added to the model as follows [56] :
Where, f r1 is the delay factor associated to growth, q 1 is the delay parameter associated to growth, v 1 is the exponent parameter associated to growth, f r2 is the delay factor associated to ethanol production, q 2 is the delay parameter associated to ethanol production and v 2 is the delay parameter associated to ethanol production.
Therefore, Eqs (6) and (8) can be modified to represent production lag:
The change in oxygen concentration can be represented by the following equation:
Where, C L is the oxygen concentration in the liquid (gÁL
), C Ã is the oxygen concentration at saturation in water at 30˚C (gÁL
is the specific oxygen transfer rate (gÁgcel
), x is the biomass concentration (gÁL
). Assuming that under oxygen limiting conditions the magnitude of specific oxygen uptake rate is determined by the oxygen transfer rate since it is assumed that all oxygen transferred from gas to liquid phase is consumed, q O 2 may be calculated as follows:
Parameter estimation. 
Inoculum preparation
Inoculum propagation was performed from cells previously stored in 1.5 mL cryovials at −80˚C YPX medium with 50% V/V glycerol. The propagation was conducted in YPX medium Erlenmeyer flasks with 500 mL culture volume of 150 mL on a rotary shaker incubator (Daihan Labtech Co., LSI-3016R model) with temperature controlled to 30˚C and agitation of 250 rpm.
Batch cultures in fermenter
An Applikon-Biotechnology model BioBundle Cultivation Systems w/ ez-control fermenter was used. Agitation was applied using an Rushton turbine impeller, the inlet air flow was controlled by a mass flow controller (MFC), pH was controlled by supplying NaOH 2 N with a peristaltic pumps integrated to the control system and temperature was controlled with a heating jacket. Relative oxygen concentration was measured using a polarographic oxygen sensor. Cultures were carried out at 30˚C, 1 L of culture volume and pH 5.
Sample taking and biomass measurement
Sampling was performed using a sample taking connected to a syringe of 5 mL. The biomass concentration was estimated by turbidimetry measuring absorbance at 620 nm in a spectrophotometer (Jenway, model 6705).
Sample preparation for HPLC measurement
From each sample 300 μL were centrifuged at 12,000 rpm for 10 min, then supernatant was filtered through a membrane of 0.22 μm pore size and 200 μL were deposited in glass vials.
Quantification xylose and ethanol content by HPLC
Xylose and ethanol concentrations were measured by high-performance liquid chromatography (HPLC). An HPLC system Agilent Model 1260 Infinity Quaternary LC System was used with UV/IR detector and automatic sample injection. A column Aminex BioRad HPX-97H and H 2 SO 5 mM as mobile phase were used, conditions were 0.6 mLÁmin −1 as flow and temperature of 45˚C. Retention times were 9.5 and 21.3 min for xylose and ethanol, respectively.
Determination of the volumetric oxygen transfer coefficient (k L a)
The absorption method described by García-Ochoa et al. [57] which consists of removing oxygen from the liquid phase and then begin aeration measuring the concentration of dissolved oxygen was used. To remove oxygen sodium sulfite and copper sulfate were added. Two conditions of limited oxygen supply were considered with inlet air flow of 3 LÁmin 
Results

Phenotypic phase plane analysis
Phenotypic Phase Plane (PhPPs) analysis [44] was used to obtain the specific growth rate (μ) as a function of the oxygen (q O 2 ) and xylose (q xyl ) uptake rates. A single phenotypic phase is defined as the region where the derivative of μ with respect to q xyl and q o 2 is constant. Each single phenotypic phase is associated to a particular active set of reactions (non-zero fluxes). On the other hand, each single point on a given phenotypic phase corresponds to a metabolic state, which is characterized by the flux values of the active set.
As shown in Fig 1a and 1b, along with μ the specific ethanol productivity (q etoh ) and the ethanol yield from xylose (Y etoh/xyl ) are shown over the PhPP as colored contours, respectively. Three relevant subsets of metabolic states can be distinguished on the PhPP (see Fig 1a) : i) The line of optimality for biomass production, which is represented by the dashed black line, where the uptake rates for oxygen and xylose are in exact proportion to allow maximum biomass yield. ii) The phenotypic phase to the right hand side of the dashed black line, where growth is limited by xylose uptake rate. iii) The phenotypic phases to the left hand side of the dashed black line, where oxygen uptake rate is below the value necessary to achieve fully aerobic growth and ethanol is produced. The dashed blue line between the contours of Y etoh/xyl in Fig 1b, corresponds to the line of optimality for the ethanol yield. Metabolic states associated to subsets i and ii do not allow ethanol production, corresponding to fully aerobic metabolism. On the other hand, subset iii corresponds to fermentative metabolism since ethanol is produced.
Sensitibity of ethanol production to the Available Reducing Capacity (ARC) in S. stipitis
The sensitivity of q etoh to changes on ARC is referred as l etoh ARC (see methods section for details). One of the following three cases can be obtained from the analysis: i) Increasing ARC generates an increment in q etoh , then ARC limits ethanol production. ii) q etoh decreases when increasing ARC, thus ARC is in excess for ethanol production. (Fig 2c and 2d) . Sensitibity of ethanol production to ARC in S. cerevisiae. The PhPP of S. cerevisiae was also determined in order to compare it with the PhPP of S. stipitis. As Fig 3a and 3b show, for S. cerevisiae l etoh ARC is less than zero through the entire PhPP, then an increment in ARC always leads to an increase in ethanol production.
The sensitivity analysis of the both yeasts indicates that in S. stipitis, unlike S. cerevisiae, an increment in ARC does not always increase ethanol production, PhPP and sensitivity analysis with metabolic improvements for ethanol production Previous work by Acevedo et al. [46] , reported in-silico reaction deletions able to associate ethanol production (q etoh ) to biomass production (μ) in S. stipitis, all of them related to the Ethanol production improvement using genome-scale metabolic modeling in Scheffersomyces stipitis respiratory chain. Fig 4 shows the PhPP of S. stipitis with the cytochrome oxidase (COX) and the alternative oxidase (AOX) deleted. It can be seen that the highest values for μ and q etoh coincide, the same was observed for the other deletions.
On the other hand, sensitivity analysis showed that there is an excess of ARC for ethanol production through all the PhPP (Fig 5a and 5c) . Hence, eliminating respiratory components decreases in such a way the NADH oxidative capacity that ethanol production is negatively affected by the excess of ARC. Thereby, despite achieving coupling between ethanol and biomass production, the metabolic response obtained was unfavorable for ethanol production. Since the latter results showed a severe effect on ethanol production, a sensitivity analysis to characterize the effect of the partial inhibition of both COX and AOX on ethanol production was performed. As seen in Fig 5b and 5d , the sensitivity equals to zero through the entire PhPP when COX and AOX are inhibited, then ARC is not having a negative effect on ethanol production. Therefore, inhibiting the respiratory chain is a promisory strategy to improve ethanol production from xylose. Ethanol production improvement using genome-scale metabolic modeling in Scheffersomyces stipitis
Inhibition of the respiratory chain in batch cultures of S. stipitis
Experimental essays to determine whether the inhibition of the respiratory chain improves ethanol production in S. stipitis were done. Inhibitors of the respiratory chain were added to batch cultures of S. stipitis using xylose at conditions of limited oxygen supply. Salicylhydroxamic acid (SHAM) was used to inhibit AOX, while potassium cyanide and sodium azide were used to inhibit COX. As shown in Table 1 , inhibitors decreased the yield. In the case of SHAM, the yield decreased more than 25%, while cyanide and sodium azide decreased yield over 50%. Considering that all previously determined in-silico deletions corresponded to the respiratory chain, the inhibition of the NADH dehydrogenase complex I was also considered. As it can be seen in Table 1 , the addition of rotenone for inhibiting Complex I increased yield up to 13%. (Fig 6a and 6c) . Moreover, as Fig 6b and 
Determination of uptake rates from the batch cultures
Xylose and oxygen uptake rates which were incorporated to the FBA to obtain the metabolic states associated to the cultures were calculated from the experimental data. To estimate xylose uptake rate a kinetic model describing xylose, biomass and ethanol concentration was used. Specific ethanol productivity and specific growth rate were also obtained from the kinetic model. On the other hand, to estimate oxygen uptake rate a balance equation for dissolved oxygen was considered and conditions of limited oxygen supply were assumed (see methods section for details). Solid lines in Fig 6 correspond to xylose, biomass and ethanol concentrations resulting from the fitting of the kinetic model to the experimental data. Xylose specific uptake rate, ethanol specific productivity and biomass specific growth rate obtained from the culture model are shown in Fig 7. As it can be observed in Fig 7a and 7b , values for q etoh are slightly higher in cultures with rotenone (red lines), this effect is more pronounced at k L a = 15h −1 (Fig 7b) . Fig 7c and 7d show q xyl , here, it can be noted that rotenone decreases q xyl .
Similarly, Fig 7e and 7f show that μ decreases when adding rotenone. Besides, Fig 8 shows q etoh relative to q xyl and μ, it can be seen that rotenone increases ethanol production for all cases (Fig 8a-8d) .
Characterization of phenotypic phases associated to culture trajectories
With the purpose of characterizing the metabolic states associated to the batch cultures, the values of q xyl and q O 2 were plotted over the PhPP, this allowed to identify trajectories on the phenotypic phases. As neither xylitol nor acetic acid was detected under the studied conditions, the possible effect of the xylitol production on the balance of redox cofactors can be left aside. Then the effect of the respiratory chain, in this case the Complex I NADH Dehydrogenase, can be considered as the main contributor to changes in redox balance. Fig 9a and 9b show resulting trajectories over the colored contours for μ and q etoh , respectively. All trajectories cover the three subsets previously defined over the PhPP, starting from subset ii (white circle in Fig 9a illustrates a starting Regarding the effect of the rotenone it can be noted that trajectories with inhibition (yellow and red dashed lines in Fig 9) tend to be closer to the optimality line for biomass. Nonetheless, considering the dispersion of the experimental data, these differences are minor when compared to the controls. Also, the l etoh ARC associated to subset iii is shown in Fig 9b. Here, as l etoh ARC is less than zero, an increase in q etoh is predicted if ARC increases. Therefore, considering that inhibiting complex I NADH dehydrogenase implies an increase in ARC, the latter sensitivity predicts that ethanol production should improve.
Determination of l etoh ARC and l biomass ARC in trajectories with and without inhibition
The results shown in Fig 9b predicts an increase in ethanol production as ARC increases, however, the value of l etoh ARC only predicts a response of q etoh but it does not characterize subsequent metabolic states with an inhibited complex I. Then it is necessary to analyze the subsequent metabolic states considering the inhibition of complex I, in order to verify whether changes in sensitivities are consistent with states favoring ethanol production. To this purpose, q xyl and q O 2 trajectories were used as constraints for the FBA and the inhibition were simulated by applying a constraint on the upper bound of the flux associated to complex I. Thus by using FBA metabolic states were successively calculated and the sensitivities associated to the trajectories were obtained. Along with l etoh ARC , the sensitivity for biomass production to ARC (l biomass ARC ) was also obtained, allowing a more complete analysis of the metabolic states with inhibition. Fig 10a and 10b show the trajectory for l biomass ARC with (red line) and without (black line) inhibition. In both cases, it can be observed that after inhibiting the values for l biomass ARC increases up to a point of going from negative to positive, hence, ARC changes from being limiting to be in excess for biomass production. On the other hand, l etoh ARC remains negative after de inhibition (Fig 10c and 10d) , meaning that increasing ARC improves ethanol production. These results suggest that inhibiting complex I increments ARC to the point of negatively affecting biomass production and favoring ethanol production. Ethanol production improvement using genome-scale metabolic modeling in Scheffersomyces stipitis
Flux change comparison between inhibited and non-inhibited metabolism
Changes in the flux-carrying set (FCS) were analyzed in order to explain a change in the ethanol production generated by the inhibition of the CINADH. The FCS of a metabolic state with inhibited the CINADH was compare against the FCS of a metabolic state without inhibition in order to obtain the changes in the FCS caused by the inhibition of the CINADH.
According to the analysis made, when CINADH is inhibited, NADH becomes available to other reactions, including ethanol production reaction. This does not mean that ethanol flux would increase significantly because its production is dependent as well on carbon flux. Table 3 shows the fluxes that decreased the most, it can be seen that these reactions are related to the energy metabolism. Tables 4 and 5 shows the fluxes that increased the most, as seen, a Ethanol production improvement using genome-scale metabolic modeling in Scheffersomyces stipitis great extent of them correspond to glycolysis and the Krebs cycle. These results show a redistribution of those fluxes, favouring carbon flux towards ethanol flux. This is in accordance with a previous report by Jeffries et al. 2007 [7] for S. stipitis grown on xylose where changes in the expression of the main enzymes of the central carbon metabolism were analized under fully aerobic and oxygen-limited (ethanol-producing). It was found that the increased in ethanol production was associated with the up-regulation of several enzymes of the glycolysis, which coincides with what it is show on Tables 4 and 5.
Discussion
Phenotypic phase planes analysis
The effect of the Available Reducing Capacity (ARC) on ethanol production rate was studied in-silico in S. stipitis and S. cerevisiae. Flux Balance Analysis (FBA) was used to characterize 
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Ethanol production improvement using genome-scale metabolic modeling in Scheffersomyces stipitis reachable metabolic states in both yeasts at different glucose and oxygen uptake rates. These states are represented as a Phenotypic Phase Plane (PhPP). Metabolic states, ranging from aerobic growth with no ethanol production to metabolic states with low oxygen availability and high ethanol production, using xylose as carbon source were determined (Fig 1) .
Sensitivity analysis
To obtain the sensitivity of ethanol production to changes in ARC, the PhPP was calculated using a bi-level optimization approach which considers biomass and ethanol production as objectives of a nested problem (see methods section). Based on the obtained results, three regions were identified for S. stipitis; one in which ARC is in excess, another where ARC has no effect on ethanol production, and a third where ARC is limiting the ethanol production (Fig 2) . Whereas for S. cerevisiae ARC is always limiting, meaning that an increase in ARC should always lead to an increase in ethanol production (Fig 3) . Therefore, the sensitivity analysis indicated that S. stipitis and S. cerevisiae can be differentiated by their response of ethanol production to ARC, where S. stipitis shows a metabolic response to ARC which is less favorable for ethanol production than S. cerevisiae. The optimality line for ethanol yield is in the edge of the region between λ > 0 and λ = 0. In a similar way, Duarte et al, [48] have previously reported that lambda may be used to characterize how the reducing capacity supplied by NADH determines the production of ethanol and acetate in S. cerevisiae. Cofactor sensitivities associated to the PhPP have been previously reported in the literature [43, 44] , although these works focus only on the sensitivities for biomass production. On the other hand, other reports have used a bi-level optimization approach with the purpose of seeking for metabolic modifications leading to metabolite production improvement [58] [59] [60] . Hence, the analysis done in this work achieves a more comprehensive characterization of the metabolic states associated to the PhPP, by establishing a relationship between ARC and the production rate of a metabolite, i.e. ethanol. . Although yields were not higher than those reported by other authors, increasing ethanol production through respiratory inhibition can be considered as a complementary strategy to aeration control. [62] reported that rotenone addition in batch cultures of S. stipitis generates an increment of 40% in ethanol specific productivity and a decrease of 33% in maximum specific growth rate, final yields were not reported. Also, [63] studied the effect of rotenone on xylose fermentation in S. stipitis, they reported an increment of 10% in final ethanol concentration.
Phenotypic phases associated to the uptake rates of the batch cultures
Trajectories over the PhPP were obtained using the uptake rates calculated from the kinetic model, it was observed that the values for μ and q etoh over the PhPP were close to the ones obtain from the cultures (Figs 7 and 9 ). Also, it was found that the ethanol sensitivities associated to the trajectories allow predicting an increase in ethanol production to an increase in ARC (λ 0 in Fig 9b) . This agrees with the positive effect observed on ethanol yield when inhibiting the Complex I by rotenone addition (see Table 2 ). Furthermore, when the inhibition of complex I was simulated, the sensitivities showed that ARC was in excess for biomass production, but it was still limiting for ethanol production (see Fig 10) . This suggests that increased ethanol production via rotenone addition involves a change in ARC which decreases biomass production, while it has a positive effect on ethanol production.
Conclusion
In this work sensitivity analysis of genome-scale metabolic modeling and phenotypic phase plane analysis were used to characterize metabolic response on a range of uptake rates in S. stipitis, to evaluate the effect of available reducing capacity on ethanol production. The inhibition of NADH dehydrogenase complex I with rotenone leads to an increase in ethanol production in batch cultures and it can be characterized by means of the PhPP and sensitivity analysis of the S. stipitis genome scale metabolic network. The analysis shows that cofactor availability, measured as the sensitivity to available reducing capacity l bio ARC can be related with the ethanol yield. 
